Economic assessment of hatchery production of Argopecten nucleus spat to support the development of scallop aquaculture in the wider Caribbean  by Valderrama, Diego et al.
E
s
C
D
a
b
a
A
R
R
A
A
K
S
A
H
E
C
C
1
r
t
b
e
i
t
s
r
a
d
c
s
h
2
0Aquaculture Reports 4 (2016) 169–177
Contents lists available at ScienceDirect
Aquaculture  Reports
jo ur nal homepage: www.elsev ier .com/ locate /aqrep
conomic  assessment  of  hatchery  production  of  Argopecten  nucleus
pat  to  support  the  development  of  scallop  aquaculture  in  the  wider
aribbean
iego  Valderramaa,∗,  Luz  A.  Velascob,  Niver  Quirozb
School of Management, University of Los Andes, Calle 21 No. 1-20, Bogota, Colombia
Mollusc and Microalgae Laboratory, University of Magdalena, Carrera 2 No. 18-27, Taganga, Santa Marta, Colombia
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 11 May  2016
eceived in revised form 1 August 2016
ccepted 5 October 2016
vailable online 5 November 2016
eywords:
callops
rgopecten nucleus
atchery
conomics
aribbean
olombia
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Many  communities  of  ﬁshermen  throughout  the Caribbean  are  facing  economic  difﬁculties  due  to  the
decline  of  marine  resources  following  decades  of  overexploitation  and  poor  governance  of  ﬁsh  stocks.  The
farming  of native  species  of  scallops  could  provide  an  alternative  path  for a  more  sustainable  utilization
of  marine  resources  in  the  region.  This paper  presents  a  cost–beneﬁt  analysis  of a public scallop  hatch-
ery in the ﬁshing  village  of  Taganga,  Colombian  Caribbean,  which  has  been  producing  spat  of nucleus
scallop  (Argopecten  nucleus)  since  the  early  2000s,  and actively  promoting  scallop  aquaculture  among
the  community  of local  ﬁshermen  since  2010. Based  on  a projected  annual  output  of 3.78 million  spat,
ﬁnancial  indicators  were  rather  positive:  the  20-year  Internal  Rate of Return  (IRR) was  25.5  percent  and
total production  cost  was  USD  0.026  per  10-mm  spat.  Recent  innovations  in hatchery  protocols  during
the  settling  stage  have  led  to marked  improvements  in  spat  recovery  rates,  substantially  lowering  pro-
duction  costs  and  reducing  the hatchery’s  initial  reliance  on subsidies.  Because  the  hatchery  seems  able
to produce  spat  at a much  lower  cost  than  other  outﬁts  that  have  operated  in the Caribbean,  it  could
potentially  emerge  as a regional  supplier  of  high  quality  seed  for the  wider  Caribbean.  A  major  factor
affecting  competitiveness  is the  high electricity  prices  normally  found  in  the  Colombian  Caribbean  and
elsewhere  in the  region.  Further  research  on  the  economics  of  ocean  growout  technologies  is  warranted
to  better  understand  the potential  of scallop  aquaculture  as  a livelihood  alternative  for  Caribbean  ﬁshing
communities.
ublis© 2016  The  Authors.  P
. Introduction
Coastal communities in Caribbean nations have traditionally
elied on the exploitation of reef ﬁsh populations. It is estimated
hat ﬁsheries employ nearly 200,000 people in the region, earning
etween USD 5 billion and USD 6 billion per year in foreign
xchange and providing about 10 percent of the region’s protein
ntake (Nurse, 2011). However, high levels of ﬁshing pressure over
he last decades have led to region-wide decreases in reef ﬁsh
tocks (Paddack et al., 2009; Stallings, 2009). Because overﬁshing
educes the capacity of ﬁsh herbivores to effectively graze the
lgae that compete with corals for space (Mumby, 2006), dwin-
ling reef ﬁsh populations have been linked with declines in live
oral cover since the late 1970s (Gardner et al., 2003). A recent
tudy from the International Union for the Conservation of Nature
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(IUCN) concluded that local stressors including overﬁshing and an
explosion in tourism are the major drivers behind the decline of
Caribbean coral reef ecosystems, exceeding the impact of global,
long-term stressors such as climate change and ocean acidiﬁcation
(Jackson et al., 2014).
Given the negative environmental consequences associated
with overﬁshing, the controlled farming of aquatic organisms
(aquaculture) could lead to a more rational utilization of marine
resources in the region. In particular, the farming of mollusc
species could emerge as a potentially viable livelihood alterna-
tive to traditional ﬁshing. Although ﬁsheries for conch, top shells
and bivalve molluscs have played an important historical role in
the economies of Caribbean nations, commercial-scale mollusc
farming has not taken hold yet. However, interest has recently
emerged on the potential of native scallop species as the basis for
a regional aquaculture industry. Native scallops are well suited
to the nutrient-poor surface waters of the Caribbean and grow
well in controlled environments (Velasco et al., 2011; Sarkis,
2004).
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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where Ct represents the discounted annual cash ﬂows; n is the
lifetime of the investment in years and r is the discount rate.70 D. Valderrama et al. / Aquac
Commercial farming of scallops of the family Pectinidae has
een very successful in Japan and China. In Latin America, Chile was
or many years the most important producer of farmed scallops.
he farming of Peruvian/Chilean scallop (Argopecten purpuratus)
egan in the northern Antofagasta and Coquimbo regions in 1982
ollowing government restrictions on the harvests of natural beds
Hernández-Rodríguez et al., 2001). Scallop farming eventually
ecame the third largest industry in the Coquimbo region after
opper mining and traditional agriculture (von Brand et al., 2015).
roduction peaked at 24.6 thousand tons in 2004 but has declined
ince then due primarily to competition from lower-cost produc-
rs in Peru, where output has expanded dramatically since the early
000s, reaching 55.1 thousand tons in 2014 (FAO, 2016).
The establishment of hatcheries for the production of spat was
nstrumental to the success of the scallop industry in Chile and to a
ower degree in Peru. Chilean farmers initially relied on collection
f wild spat but soon realized that the fate of the industry would
inge on the consistent supply of high-quality hatchery spat. Many
callop farmers in Chile are former ﬁshermen who  were affected
y the bans on collection from natural beds. Fishermen were sup-
orted during this transition by government agencies (Institute of
isheries Development) and an academic institution, the Northern
atholic University (Uriarte, 2008).
The experiences of the scallop industry in Chile offer valu-
ble guidance to the development of scallop aquaculture in the
aribbean region. Given adequate training and support from
overnment institutions, ﬁshermen across the Caribbean could
ransition into scallop farming and embrace it as a sustainable
ivelihood alternative to artisanal reef ﬁsheries. In light of this
otential, the Food and Agricultural Organization of the United
ations (FAO) held a Regional Technical Workshop in 2010 to assess
he feasibility of a regional shellﬁsh hatchery to catalyze the devel-
pment of mollusc aquaculture across the Caribbean (Lovatelli and
arkis, 2011). Workshop participants identiﬁed the University of
agdalena’s Mollusc and Microalgae Laboratory (MML) in Taganga,
anta Marta, Colombia, as a potential site for the establishment of
he regional hatchery (Velasco et al., 2011).
.1. Scallop aquaculture in the Colombian Caribbean
The decline of commercial and artisanal ﬁsheries in the Santa
arta area of the Colombian Caribbean (11◦14′31′′ N, 74◦12′19′′
)  is symptomatic of the ﬁsheries crisis in the region. Landings
n the nearby ﬁshing village of Taganga in 2010 failed to reach
0 percent of the historical average (CCI, 2011). As a result, many
aganga ﬁshermen have joined the ranks of the informal economy
n order to support their families. Given the reduced availability
f freshwater and poor soil productivity in the region, agricultural
nd stockbreeding projects were soon disregarded as impractical
lternatives to artisanal ﬁsheries.
Taking a cue from the strong maritime orientation of ﬁsher-
en, a group of researchers from the Marine and Coastal Research
nstitute ‘José Benito Vives de Andréis’ (INVEMAR for its acronym
n Spanish) and the University of Magdalena proposed in the late
990s the culture of the native Argopecten nucleus or nucleus scal-
op as a viable economic alternative for ﬁshing communities in
he area given their high growth rates, fecundity, high prices and
otential for demand growth in domestic and international mar-
ets (Velasco et al., 2011). Argopecten nucleus (Born, 1780) is an
pibenthic species occurring on sandy-bottom habitats between 10
nd 100 m depth (Velasco and Barros, 2009). It is a relatively small-
ized scallop as an adult (≈50 mm)  and occurs unattached over the
ottom. Given the low availability of natural seed (Castellanos and
ampos, 2007), hatchery conditions are necessary to achieve mass
roduction of spat to support commercial culture. Reports 4 (2016) 169–177
With the support from regional and national government agen-
cies as well as international donors, the University of Magdalena’s
Mollusc and Microalgae Laboratory (MML)  was built in Taganga
in 2000 to support basic research on the life cycle and culture
requirements of native scallops (Velasco, 2007, 2006; Velasco and
Barros, 2009, 2008, 2007; Velasco et al., 2009, 2007).1 Continued
ﬁnancial support from donors has allowed the hatchery to expand
operations, undertake the massive production of spat, and train a
cooperative of artisanal ﬁshermen in ocean growout technologies
for scallops since 2010.
Under the arrangement currently in place, the MML  donates A.
nucleus spat to the ﬁshermen cooperative, who grow the seed to
commercial size over a period of seven months at a marine growout
site. Upon harvest, scallops are processed and packed at the seafood
processing facilities of the University of Magdalena and are sold by
the cooperative to seafood wholesalers, restaurants and hotels in
the area at a price between COP 400–500 per unit (USD 0.19–USD
0.24 at 2014 exchange rates). The long-term vision of the MML  is
to enable the development of scallop aquaculture in Colombia and
the wider Caribbean as a sustainable alternative to capture ﬁsh-
eries by providing basic research and extension services as well
as a business template to communities of artisanal ﬁshermen and
other interested parties from the private sector.
The major objective of this article is to improve our understand-
ing of the economic potential of scallop farming in the region by
conducting a comprehensive economic assessment of A. nucleus
spat production at the MML.  This research should generate valu-
able insights to government agencies, development organizations,
ﬁshermen communities and private sector parties interested in
shellﬁsh aquaculture as a potential solution to the crisis created
by the decline of capture ﬁsheries throughout the Caribbean.
2. Materials and methods
The production parameters for the economic analysis were
based on the averages of experimental data from A. nucleus larval
culture trials conducted at the 242-m2 MML  hatchery in Taganga,
Santa Marta, Colombia, since the early 2000s (MML,  2016, 2012;
Velasco, 2007, 2006; Velasco and Barros, 2009, 2008, 2007; Velasco
et al., 2009, 2007). Current production capability is estimated at
3.78 million 10-mm spat per year (Table 1). In addition, on-site
interviews with hatchery managers were conducted in 2014 in
order to obtain updated estimates of construction and equipment
costs for the hatchery.
The economic performance of the hatchery was evaluated using
the cost-beneﬁt analysis (CBA) methodology. This is a systematic
approach for calculating and comparing the beneﬁts and costs of
a project, a program or an investment. CBA helps predict whether
the beneﬁts of a project or investment outweigh its costs, and by
how much relative to other alternatives (Nas, 1996). CBA has been
widely used in the aquaculture sector as an appropriate tool to
implement rational and systematic decision making (Di  Trapani
et al., 2014; Shamshak, 2011; Zún˜iga, 2010).
Two ﬁnancial indicators were considered for the CBA. The ﬁrst
indicator was  the Net Present Value (NPV), computed as
NPV =
n∑ Ct
1 + r t
(1)1 In addition to A. nucleus, the MML  has also conducted extensive research on
the  lion’s paw scallop Nodipecten nodosus. However, much greater success has been
obtained with A. nucleus over the last 15 years of experimental trials.
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Table  1
Production stages for a 242-m2 Argopecten nucleus hatchery with an annual output
level of 3.78 million spat in Taganga Bay, Santa Marta, Colombia.
Item Unit Value
Maturation and spawning of broodstock
Duration Days 20
Temperature ◦C 25
Salinity Parts per thousand 36
Size of broodstock Individuals 145
Number of broodstock achieving
maturity
Individuals 90
Number of spawning individuals Individuals 42
Fecundity Million oocytes
individual-1
2.46
Number of oocytes produced Millions 103.7
Volume of maturation tanks Liters 300
Number of maturation tanks Tanks 1
Daily water ﬂow for maturation tanks m3 0.3
Filtering rate Liters h-1 individual-1 5.85
Concentration of microalgae in feeder
tanks
Thousand cells mL-1 40
Daily feeding rate Billion cells individual-1 5.616
Total volume of microalgae consumed
per day
Liters 312
Airﬂow cfm 1
Larviculture stage
Duration Days 15
Temperature ◦C 25
Salinity Parts per thousand 36
Number of oocytes Millions 103.7
Survival rate from oocytes to D-larvae Percent 45
Number of D-larvae Millions 46.7
Survival rate from D-larvae to
pediveliger
Percent 30
Number of pediveliger larvae Millions 14
Volume of larviculture tanks Thousand liters 2
Number of larviculture tanks Tanks 7
Density of pediveliger larvae in tanks Larvae mL-1 1
Daily water ﬂow for larviculture tanks m3 14
Daily feeding rate Thousand cells mL-1 10
Total volume of microalgae consumed
per day
Liters 27.27
Airﬂow cfm 7
Settling of pediveliger larvae
Duration Days 15
Temperature ◦C 25
Salinity Parts per thousand 36
Number of pediveliger larvae Millions 14
Volume of settling tanks Liters 500
Number of settling tanks Tanks 20
Number of onion bag collectors Collectors tank-1 50
Number of nylon protector bags, 1-mm
mesh
Collectors tank-1 50
Daily water ﬂow for settling tanks m3 10
Daily feeding rate Thousand cells mL-1 180
Total volume of microalgae consumed
per day
Liters 351
Airﬂow cfm 40
Culture of postlarvae at sea
Duration Days 45
Temperature ◦C 27
Salinity Parts per thousand 35
Seston mg  L-1 1.11
Organic matter in seston Percent 62.9
Number of collectors per line Collectors 50
Number of lines Lines 20
Percent of recovered spat relative to
pediveliger larvae
Percent 1.35
e
o
d
Table 1 summarizes the parameters for each stage of scallop spat
production (maturation and spawning of broodstock, larviculture,
settling of larvae, and culture of postlarvae at sea.) as conducted
at the MML.  An entire production batch lasts approximately 95
2 Sánchez (2010) computes a discount rate of 12 percent as the opportunity cost of
capital in Colombia. This discount rate is derived from a Capital Asset Pricing Model
adjusted to reﬂect the highest risk associated with emerging markets. Because this
cost of capital already includes an expectation of inﬂation, a 3-percent inﬂation rateNumber of recovered spat per cycle Thousands 189
Number of production batches per year Batches 20
Number of 10-mm spat per year Millions 3.78The discounted annual cash ﬂows were obtained from the differ-
nce between the annual beneﬁts (inﬂows resulting from the sale
f spat) and direct costs (outﬂows). Because the spat is currently
onated to the ﬁshermen cooperative, the CBA assumed a selling Reports 4 (2016) 169–177 171
price of COP 75 per 10-mm spat, which is around 15 percent of
the selling price of adult scallops to restaurants in the area. On  the
other hand, direct costs included both the initial cost of investment
and annual production costs. Although most equipment costs were
obtained from commercial vendors in Colombia, some items are
imported (e.g., blower, autoclaves, sterilizing ovens, UV  sterilizer).
In these cases, costs were obtained from U.S. aquaculture equip-
ment providers (Pentair, 2014). Costs associated with importing
these goods were obtained from Colombian customs guides (Perilla,
2012). The average exchange rate in 2014 (USD 1: COP 2,053) was
used to estimate costs in the local currency (PERS, 2015). Production
costs included all monetary costs related to the production cycle:
fuel, electricity, chemicals, lab supplies, labor, concession fees, costs
associated with the collection of broodstock and harvest of spat, and
taxes on earnings.
The discounted cash ﬂows were computed for 20 years (n), cor-
responding to the assumed life cycle of the main hatchery building.
A real discount rate of nine percent, which equals the opportunity
cost of capital in Colombia minus the expected inﬂation rate, was
assumed (Sánchez, 2010; Rosales et al., 2007).2
According to CBA, the greater the NPV value, the higher the
proﬁtability of the investment will be. A related indicator is the
Internal Rate of Return (IRR), which corresponds to the discount
rate r that equals discounted beneﬁts with discounted costs, set-
ting NPV in Eq. (1) equal to zero. According to this indicator, an
investment will be convenient if its IRR is higher than a predeter-
mined reference discount rate which typically reﬂects the rate of
return on alternative investments. A major advantage of IRR over
NPV is that it does not depend on the reference discount rate chosen
but only on the temporal evolution of beneﬁts and costs, allowing
a more exhaustive economic comparison among several invest-
ments. However, since IRR is expressed as a percentage, it can make
small projects appear more attractive than large ones, even though
large projects with lower IRRs can be more attractive from an NPV
perspective than smaller projects with higher IRRs (Brigham and
Houston, 2015).
Finally, different sources of stochasticity were explored using
two approaches. A standard sensitivity analysis was  conducted to
examine the impact of variability in selling prices of spat and energy
costs (COP/kWh) on the project’s economic indicators. Also, critical
production parameters such as survival rates through larval stages
have associated with them probability distributions in addition to
the averages shown in Table 1. The impact of this variability on
annual spat yields was examined through a Monte Carlo analysis
implemented with Crystal Ball®, a risk analysis software (Oracle,
2015). In conjunction, sensitivity and Monte Carlo analyses pro-
vided an informed assessment of the risk levels associated with the
hatchery project.
3. Resultswas subtracted to arrive at the real discount rate of nine percent. Annual inﬂation
in Colombia has averaged close to three percent since 2009 (Banco de la República,
2015). Estimating net cash revenues for each year using current prices and dis-
counting them using a real discount rate eliminates inﬂation from all elements of
the cost-beneﬁt analysis.
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ays. The broodstock consists of 145 adult individuals,3 62 percent
f which achieve maturity within 20 days of conditioning. With
7 percent of mature individuals successfully spawning, a total of
03.7 million oocytes are produced per batch. Assuming a 45 per-
ent survival rate for oocytes, 46.7 million D-larvae are produced,
ut of which 14 million pediveliger larvae are obtained after 15
ays. The ﬁnal density of pediveliger larvae in the seven 2000-l
arviculture tanks is one larvae mL-1.
The pediveliger larvae are distributed into 20 500-l tanks for the
ettling phase. Fifty polypropylene onion bags (10-mm mesh size)
erving as artiﬁcial collectors are suspended into each settling tank.
fter 15 days, each collector is placed within a nylon protective
ag with a mesh opening of 1 mm;  the bags are then tied in pairs
long ropes (lines) of 15-m length (50 bags per line), which are then
laced into 500-l seawater ﬁlled tanks. The lines contained within
he tanks are carried to a protected sea inlet and kept suspended at
 depth between 6 and 21 m.  The settled postlarvae grow into the
uvenile spat phase over the 45 days of sea culture. The recovery
ate of spat relative to the pediveliger larval phase is 1.35 percent,
eading to a total of 189,000 spat per production batch. A total of 20
atches are produced per year, resulting in an annual production
f 3.78 million 10-mm spat.
Table 1 also speciﬁes the daily feeding rates of microalgae (a
ix  of Isochrysis galbana and Chaetoceros calcitrans) as well as the
ater and airﬂow requirements for the maturation/spawning, lar-
iculture and settling stages.
The economic analysis is presented in Tables 2–4. Total invest-
ent was estimated at COP 321,245,001 (approx. USD 156,000 at
014 exchange rates). Construction of infrastructure accounted for
4 percent of total investment costs; lab equipment represented
round 35 percent of costs while tanks and lab supplies accounted
or about eight percent of costs (Table 2). Although all construction
osts are included, it is nevertheless assumed that the hatchery
s built on a tract of coastal land granted by the state govern-
ent. However, an investment of COP 10 million (≈USD 4,900) is
udgeted to cover the permitting costs of a marine concession in
aganga Bay for the post-larval culture phase.
Annual production costs are summarized in Table 3. Total pro-
uction cost per 10-mm spat is estimated to be around COP 54
≈USD 0.03). The highest cost items are electricity and labor,
ccounting for 39 and 37 percent of total costs, respectively. Fixed
osts (depreciation expenses mostly) represented 11 percent of
otal costs. Electricity is the most important cost item in the budget
ue to the high rates prevailing in the region: about COP 330/kWh
≈USD 0.16/kWh). These rates are higher than those paid in other
egions in Colombia and much higher than those in the U.S.: the
verage rate for industrial use in Colombia is around USD 0.10/kWh
Santa María et al., 2009); in the U.S. it is USD 0.07/kWh (EIA, 2015).
Table 4 presents the cash ﬂow budget analysis for the 242-m2
atchery. At a selling price of COP 75 (≈USD 0.04) per 10-mm
pat produced, annual cash inﬂow is COP 283.5 million. The major
nvestment is assumed to take place in Year 0 of the project, with
maller re-investments occurring in Years 5, 10, and 15 to replace
orn-out items (see Table 2). Cash outﬂows comprise investment
nd (cash) production costs as well as taxes on earnings (which
onsiders depreciation expenses for tax purposes). A tax regime
or small and medium enterprises as speciﬁed by the Colombian
epartment of Labor is applied in this analysis: tax rates vary from
ero percent in the ﬁrst two years, 8.25, 16.5 and 24.75 percent in
ears 3, 4, and 5, respectively, and 33 percent onwards (MinTrabajo,
015). The estimated NPV (9%) is COP 373.2 million, with an IRR of
5.50 percent.
3 Argopecten nucleus is a functional hermaphrodite with external fertilization and
ontinuous reproductive activity throughout the year. Reports 4 (2016) 169–177
3.1. Sensitivity analysis for spat and electricity prices and Monte
Carlo simulation of annual yields
Table 5 presents the results of the sensitivity analysis of IRR with
respect to two  critical exogenous parameters: selling prices of 10-
mm spat and electricity prices. Spat prices varied from COP  50 to
COP 80 while electricity prices per kWh  ranged from COP 150 to
COP 350 (The price in the Santa Marta region is COP 330 while the
average industrial rates in the U.S. and Colombia are approximately
COP 150 and COP 200). Given the prevailing high costs of electricity,
spat prices must exceed COP 60 in order to obtain acceptable rates
of return on the investment (i.e., >9%). On the other hand, if electric-
ity cost drops to around COP 200/kWh and below, reasonably high
IRRs are obtained even when spat prices fall to COP 60. Regardless
of the cost of electricity, the project fails to generate attractive rates
of return when spat prices fall below COP 50.
The Monte Carlo analysis of annual production yields is pre-
sented in Table 6 and Fig. 1. Table 6 summarizes the distribution
parameters for six production variables, which were obtained from
Velasco and Barros (2007), Velasco et al. (2007), Velasco and Barros
(2008), Velasco and Barros (2009), and MML  (2016, 2012). Normal
distributions were assumed for the proportions of broodstock that
reach maturation and spawn, fecundity rates, and survival rates
from oocytes to d-larvae and from D-larvae to pediveliger. The most
critical survival rate in the system is the one between pediveliger
and the 10-mm spat, involving the settling phase and culture of
postlarvae at sea: MML  (2016) indicates that the recovery rate of
spat is highly variable, being more accurately described by a log-
normal distribution with a mean of 1.35 percent (Table 1) and a
standard deviation of 1.19. The supports of the distributions shown
in Table 6 correspond to the intervals comprising 99.74 percent of
the distribution densities; thus, the analysis assumed that the pro-
portion of broodstock achieving maturity could vary between 35
and 89 percent while between 17 and 77 percent of mature brood-
stock eventually spawn. Fecundity of spawning individuals ranged
from 0.81 to 4.11 million oocytes whereas survival of oocytes and
D-larvae varied from 21 to 69 percent and from 6 to 54 percent,
respectively. The recovery rate of spat relative to pediveliger ranged
from 0.03 to 8.1 percent.
The Monte Carlo analysis drew values from the distributions
to simulate the total number of spat obtained in the 400 batches
produced over the lifetime of the project (Figure 1). Driven pri-
marily by the large variability in spat recovery rates in the last
phase of culture, annual production ranged widely, from 2.68 to
5.36 million spat. At 3.83 million spat, the 20-year average was
nevertheless close to the representative value of 3.78 million spat
assumed in Table 1. The IRR of the project increased from 25.5 to
36.3 percent as an unusually large batch (#7) in Year 1 drove annual
production to 5.36 million spat, 42 percent higher than the 20-year
average.
4. Discussion
The cost-beneﬁt analysis produced a reliable estimate of the pro-
duction cost of A. nucleus spat in the Colombian Caribbean. Based
on an estimated annual output of 3.78 million 10-mm spat, the
production cost is around COP 54 per spat (≈USD 0.026 at 2014
exchange rates) (Table 3). The major operating costs were found to
be labor and electricity usage. At a selling price of COP 75 (≈USD
0.037), the project is a ﬁnancially sound proposition with an IRR of
25.5 percent (Table 4).
Sparse information is available on what the production cost
of spat of related scallop species would be elsewhere in the
Caribbean. Although Sarkis and Lovatelli (2007) and Sarkis et al.
(2003) carried out a thorough technical assessment of a low-cost,
modular hatchery for the rearing of subtropical and tropical
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Table  2
Investment costs for the construction of a 242-m2 Argopecten nucleus hatchery with an annual production level of 3.78 million spat in Taganga Bay, Santa Marta, Colombia.
Currency shown is Colombian Pesos (USD 1: COP 2053 in 2014).
Item Quantity Cost per unit/m2 Total cost Useful life (Years)
Concession at marine site – Permits 10,000,000
Infrastructure
Land  300 m2 0 0 20
Seawater pumps area 8 m2 1,250,000 10,000,000 20
Water  treatment area 6 m2 700,000 4,200,000 20
Maturation and spawning room 50 m2 700,000 35,000,000 20
Larval  and post-larval culture room 74 m2 700,000 51,800,000 20
Microalgae room 35 m2 700,000 24,500,000 20
Dry  lab 15 m2 700,000 10,500,000 20
Sterilization room 24 m2 700,000 16,800,000 20
Ofﬁce  area 30 m2 700,000 21,000,000 20
Total  Infrastructure 242 m2 173,800,000
Equipment
Electric generator, 50 KVA 1 40,000,000 40,000,000 20
Air  conditioning unit, 16 RT 1 16,400,000 16,400,000 20
Centrifugal pump, 1.0 hp 1 3,000,000 3,000,000 20
Self-priming super pump, 1.5 hp 1 1,600,000 1,600,000 20
Submersible pumps, 0.3 hp 2 649,994 1,299,988 20
Sand  ﬁlter 1 1,350,000 1,350,000 10
Blower,  3 hp 1 6,218,895 6,218,895 20
Autoclaves, 18 l 2 2,500,000 5,000,000 20
Bag  ﬁlters 4 1,900,000 7,600,000 10
Cartridge air ﬁlters, 0.5 m 2 270,000 540,000 10
Sterilizing ovens 2 2,537,577 5,075,155 20
UV  sterilizer 1 2,292,508 2,292,508 10
Ultraviolet lamps 4 50,000 200,000 5
Distiller  1 2,111,642 2,111,642 20
Refrigerator 1 1,200,000 1,200,000 10
Microscope 1 650,000 650,000 20
Scale,  0.1 g 1 296,397 296,397 20
Max-Min thermometers 4 40,000 160,000 20
Thermostats 2 50,000 100,000 10
Refractometer 1 200,000 200,000 10
Computer 1 1,000,000 1,000,000 10
Tally  counters 2 10,000 20,000 10
LED  light bulbs 138 85,000 11,730,000 5
Glassware 1 3,040,230 3,040,230 5
Total  equipment 111,084,817
Tanks  and lab supplies
Cylindric tanks, 600 l 8 1,000,000 8,000,000 20
Cylindric conical tanks, 500 l 20 210,000 4,210,000 20
Cylindric conical tanks, 2000 l 7 700,000 4,900,000 20
Rectangular tanks, 300 l 1 500,000 500,000 20
Supports for tanks 2 200,000 400,000 20
Carboys, 20 l 30 9,000 266,727 10
Acrylic  containers 20 5,000 100,000 10
Sieves,  40, 80, 150, 200, 250 m 10 150,000 1,500,000 10
Test  tube racks 10 40,000 400,000 5
Neubauer chambers 2 50,000 100,000 10
Sedgewick–Rafter counting cells 2 100,000 200,000 10
Plastic  shelf units 6 100,000 600,000 10
Plastic  baskets 12 10,000 120,000 10
Chairs  8 20,000 160,000 10
Step  ladders 3 30,000 90,000 10
Tongs  5 2,000 10,000 10
Hand  tool set 1 210,000 210,000 10
Drill  set 1 100,000 100,000 10
Silicone  gun 1 10,000 10,000 10
Total  tanks and lab supplies 21,866,727
4,4
s
o
(
N
o
8Long  line for post-larval culture at sea 1 
Total  Investment 
callop species (Euvola ziczac or sand scallop and Argopecten gibbus
r calico scallop) at the Bermuda Biological Station for Research
BBSR), the authors did not provide information on operating costs.
evertheless, they estimate that the construction and outﬁtting
f the modular hatchery would require an investment of USD
8,600. This is substantially less than the investment cost of the93,456 4,493,456 10
321,245,001
brick-and-mortar MML  hatchery (≈USD 156,000) examined in
this analysis; however, the annual output of the BBSR hatchery
ranged from 600,000 to 800,000 spat (Sarkis and Lovatelli, 2007),
which is less than a quarter of the estimated output of the MML
hatchery (3.78 million spat). On a per spat basis, the investment
cost is therefore much lower at the MML  hatchery. Operating costs
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Table  3
Annual production costs of a 242-m2 Argopecten nucleus hatchery with an annual production level of 3.78 million spat in Taganga Bay, Santa Marta, Colombia. Currency
shown  is Colombian Pesos (USD 1: COP 2053 in 2014).
Item Unit Quantity Cost per unit Total cost
Variable costs
Collection of broodstock
Collectors Unit 600 4,050 2,430,000
Field  trips Unit 6 350,000 2,100,000
Labor Daily wage 18 25,000 450,000
Total  Collection of broodstock 4,980,000
Personnel
Lab technicians Annual salary 2 21,600,000 43,200,000
Ofﬁce manager Annual salary 1 21,600,000 21,600,000
Janitor Annual salary 1 11,598,300 11,598,300
Total  Personnel 76,398,300
Electricity kWh  245,376 330 80,974,102
Diesel Monthly bill 12 80,000 960,000
Maintenance Unit 1 1,740,000 1,740,000
Chemicals Set 1 6,712,655 6,712,655
Cleaning supplies Set 1 898,000 898,000
Lab  garments Set 1 328,000 328,000
Lab  utensils Set 1 4,757,149 4,757,149
Stationery Set 1 590,000 590,000
Harvest of spat
Field trips Unit 20 150,000 3,000,000
Labor Daily wage 60 25,000 1,500,000
Iceboxes Set 1 70,000 70,000
Total  harvest of spat 4,570,000
Total  variable costs 182,908,206
Fixed  costs
Marine concession fee Annual payment 1 750,000 750,000
Utilities (water, phone) Monthly bill 12 230,000 2,760,000
Depreciation Annual sum 1 18,980,919 18,980,919
Total  ﬁxed costs 22,490,919
Total  production costs 205,399,125
Production Cost per 10-mm Spat 54
Table 4
20-year cash ﬂow budget for a 242-m2 Argopecten nucleus hatchery with an annual production level of 3.78 million spat in Taganga Bay, Santa Marta, Colombia. Currency
shown is Colombian Pesos (USD 1: COP 2,053 in 2014).
Item Year
0 1–2 3 4 5 6-9 10 11–14 15 16–20
Number of spat 3,780,000 3,780,000 3,780,000 3,780,000 3,780,000 3,780,000 3,780,000 3,780,000 3,780,000
Price of spat 75 75 75 75 75 75 75 75 75
Inﬂows 283,500,000 283,500,000 283,500,000 283,500,000 283,500,000 283,500,000 283,500,000 283,500,000 283,500,000
Outﬂows 321,245,001 186,418,206 192,861,529 199,304,851 221,118,403 212,191,495 249,824,417 212,191,495 227,561,725 212,191,495
Investment 321,245,001 15,370,230 37,632,922 15,370,230
Production costs 186,418,206 186,418,206 186,418,206 186,418,206 186,418,206 186,418,206 186,418,206 186,418,206 186,418,206
Personnel 76,398,300 76,398,300 76,398,300 76,398,300 76,398,300 76,398,300 76,398,300 76,398,300 76,398,300
Electricity 80,974,102 80,974,102 80,974,102 80,974,102 80,974,102 80,974,102 80,974,102 80,974,102 80,974,102
Other 29,045,804 29,045,804 29,045,804 29,045,804 29,045,804 29,045,804 29,045,804 29,045,804 29,045,804
Taxes 6,443,322 12,886,644 19,329,966 25,773,289 25,773,289 25,773,289 25,773,289 25,773,289
2,381
a
l
o
s
T
S
eCash ﬂow −321,245,001 97,081,794 90,638,471 84,195,149 6
NPV  (9%) 373,173,385
IRR (%) 25.50
re also bound to be higher at the BBSR hatchery given its isolated
ocation and the higher costs of labor in Bermuda.
Another important point of reference for this analysis is the price
f seed in the two countries with the largest production of farmed
callops (A. purpuratus) in the Western Hemisphere: Peru and Chile.
able 5
ensitivity analysis of IRR (percent) to variations in selling price of 10-mm spat and
lectricity prices (COP/kWh). N/A = IRR is either negative or cannot be computed
Electricity price (COP/kWh) Selling prices (COP/spat)
50 60 70 75 80
150 9.83 21.66 33.29 39.16 45.07
200  5.69 17.88 29.50 35.35 41.23
250  1.06 14.07 25.73 31.55 37.41
300  N/A 10.16 21.96 27.77 33.60
350  N/A 6.04 18.19 24.00 29.81,597 71,308,505 33,675,583 71,308,505 55,938,275 71,308,505
Molina et al. (2012) report the price of hatchery seed for growout
operations in northern Chile to be USD 0.024, which is around 35
percent less than the recommended selling price of USD 0.037 (COP
75) in this analysis. Given the high electricity prices in the Colom-
bian Caribbean, the Chilean selling price (USD 0.024 ≈ COP50)
would lead to negative ﬁnancial indicators for the MML  (Table 5).
Although Chile is clearly a lower cost producer, the Chilean industry
targets the high-value export markets in the U.S., leaving operations
such as the MML  with the opportunity to provision the regional
Caribbean market with a consistent supply of native spat.
Peru is even a lower-cost producer. The Peruvian scallop farm-
ing industry is concentrated in Sechura Bay, close to the northern
border of the country. Although spat is available from hatcheries,
scallop seeds are primarily obtained by collection from natural beds
given the high productivity of the Peruvian upwelling system. The
price of wild spat varies from USD 0.002 to USD 0.003 per individual
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sed  in the economic analysis (3.78 million spat)
SASCA, 2013), which is just a fraction of the hatchery prices in Chile
nd Colombia. The remarkably low cost of wild spat is one of the
easons driving the dramatic growth of scallop aquaculture in Peru
n the last few years. There are nevertheless some concerns about
he sustainability of the industry if reliance on wild seed continues
SASCA, 2013).
The economic performance of the MML  hatchery hinges largely
n the successful settling of pediveliger larvae and subsequent
ostlarval culture at sea. Throughout most of its existence, spat
ecovery rates at the MML  were around 0.65 percent, and projected
nnual production did not exceed 2 million spat. Comparatively, the
verage survival rate from pediveliger to spat for the great scallop
Pecten maximum)  in northern European hatcheries is six percent
Andersen et al., 2011). Over the last few years, hatchery managers
t the MML  worked diligently to overcome this production bot-
leneck and were recently able to improve the recovery rate to an
verage of 1.35 percent by introducing innovations such as reduced
ighting, enhanced airﬂow (from 20 to 40 cfm), and by increasing
he quantity of collectors in the 500-L settling tanks, from 25 to
0 (MML,  2016). These breakthroughs led projected production to
able 6
arameters for the Monte Carlo simulations of hatchery yields of Argopecten nucleus spat
Production variable Distribution parameters
Unit 
Proportion of broodstock that reaches maturation Percent 
Proportion of mature broodstock that spawn Percent 
Fecundity per individual Million oocytes 
Survival  rate – oocytes to D-larvae Percent 
Survival  rate – D-larvae to pediveliger Percent 
Recovered spat relative to pediveliger Percent us spat in the Colombian Caribbean. The horizontal line denotes the average yield
increase to 3.78 million spat, as assumed in this analysis. Besides
improving the ﬁnancial indicators of the project, improved recov-
ery rates have led the MML  to approach the cost competitiveness
of Chilean hatcheries.
As explained previously, the MML  hatchery donates their spat to
a ﬁshermen’s cooperative in Taganga in order to fulﬁll a set of social
objectives outlined by the state government and the group of inter-
national donors. With recovery rates of around 0.65 percent and
annual output of less than 2 million spat, it is clear that the hatch-
ery would require subsidies even if ﬁshermen were charged for the
spat. Although not desirable in principle, subsidies are not uncom-
mon  in many aquaculture projects aimed at supporting struggling
ﬁshing communities (e.g., Clemence et al., 2011). However, in order
to have a lasting impact on poverty such as that created by basa and
tra farming in Vietnam or shrimp farming in Bangladesh (Pant et al.,
2014; Belton and Little, 2011), aquaculture development projects
must eventually become proﬁt-oriented. The recent doubling of
spat recovery rates is demonstrative of the type of breakthroughs
that will be required to ensure the economic sustainability of scal-
lop aquaculture in the region. By demonstrating that competitive
 in the Colombian Caribbean.
Type Support Mean Standard Deviation
Normal 35–89 62 9
Normal 17–77 47 10
Normal 0.81–4.11 2.46 0.55
Normal 21–69 45 8
Normal 6–54 30 8
Lognormal 0.03–8.1 1.35 1.19
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ates of return are possible without resorting to subsidies, scallop
arming can eventually attract investment from the private sector
nd move away from the current model of donor-driven develop-
ent.
Continued ﬁne-tuning of hatchery protocols will be necessary in
rder to reduce variability in survival rates throughout the different
tages, in particular during the critical settling of pediveliger larvae
nd transfer to sea. The Monte Carlo simulation of the 400 batches
ver the lifetime of the project indicated substantial variability in
nnual production yields (Figure 1), even if the long-term average
pproximated the representative value of 3.78 million spat.
As mentioned previously, the competitiveness of the MML
atchery is negatively impacted by the high electricity prices
revailing in the Colombian Caribbean, around USD 0.16/kWh
Table 5). Prices in Chile and Peru are approximately USD 0.09 and
SD 0.06/kWh, respectively (Santa María et al., 2009). The rea-
ons for the relatively high energy costs in Colombia are varied
ut boil down to the existence of an over-regulated system failing
o promote market efﬁciencies in the production and distribution
f electricity. The high prices paid in the Colombian Caribbean are
lso symptomatic of the high electricity costs normally found in
aribbean nations. This is an important aspect to bear in mind when
onsidering the economic viability of energy-intensive operations
n the Caribbean basin: Barton et al. (2013) report average tariffs
n Caribbean islands to hover around USD 0.33/kWh, with prices
oing up to USD 0.40/kWh in places such as Grenada, Dominica and
ntigua and Barbuda. With the exception of Trinidad and Tobago
where electricity price is USD 0.06/kWh), the Caribbean region
s largely dependent on imported fossil fuels for the generation
f electricity. Even with the recent declines in petroleum prices,
lectricity produced from oil derivatives remains expensive given
heir relative inefﬁciencies in terms of their electricity productiv-
ty. Multilateral organizations such as the World Bank are currently
ssisting Caribbean nations in their efforts to tap into potentially
ess expensive sources of renewable energy such as geothermal
lants (Familiar, 2015). These initiatives will be crucial to fully
nlock the potential of aquaculture and other agro-industries in
aribbean nations.
onclusions
This research conducted a thorough economic assessment of a
42-m2 A. nucleus hatchery (MML)  in the ﬁshing village of Taganga,
olombian Caribbean, with a production capability currently esti-
ated at 3.78 million spat (10 mm).  The production cost was
stimated to be COP 54 per spat (≈USD 0.026). At a selling price
f COP 75, ﬁnancial indicators reveal a positive outlook: the 20-
ear NPV of the project is COP 373 million and the IRR is 25.5
ercent. Based on partial economic data on scallop spat produc-
ion at the Bermuda Biological Research Station, it appears that the
ML  hatchery is able to produce spat at very competitive prices for
he Caribbean context. Production costs are somewhat higher than
hose reported for Chile, where hatcheries have supported farming
perations for more than three decades. On the other hand, seed
rices are substantially lower in Peru, where the industry beneﬁts
rom a plentiful supply of wild spat.
The economic performance of the project is inﬂuenced by a
umber of factors, chief among which is the recovery rate of spat
rom the pediveliger stage. Recent breakthroughs in hatchery pro-
ocols have led to an increase in average recovery rates from 0.65
o 1.35 percent. Without these innovations, the hatchery’s depend-
nce on subsidies would probably continue in the future. These
reakthroughs are also crucial to approach the cost competitive-
ess of Chilean hatcheries. Forthcoming research must concentrate
n strategies to reduce the variability in survival rates observed
uring the settling phase. Reports 4 (2016) 169–177
The MML  hatchery fulﬁlls an important social function by incen-
tivizing communities of struggling ﬁshermen in the Colombian
Caribbean to embrace sustainable scallop aquaculture technolo-
gies. As such, the MML’s initial reliance on subsidies is warranted.
Follow-up research must focus on the economics of growout oper-
ations at sea in order to complement our understanding of the
potential of scallop aquaculture in the region. In particular, it is
important to examine how the proﬁtability of growout operations
is impacted by a range of spat prices. This research would also help
clarify up to what extent ﬁshermen are dependent on the availabil-
ity of subsidized spat.
In addition to providing evidence on the suitability of the
MML as a regional shellﬁsh hatchery for the wider Caribbean as
envisioned by Lovatelli and Sarkis (2011), the economic analy-
sis generated useful insights on the impacts on production costs
brought about by the high electricity tariffs found in Caribbean
nations. The long-term prospects for aquaculture and other
agribusinesses in the region will depend to a large extent on the
success of initiatives aimed at reducing these energy costs.
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